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Influence of Lipids on the
Bicaccumulation and Trophic
Transfer of Organic Contaminants
in Aquatic Organisms

Peter F. Landrum and Susan W. Fisher

9.1. Introduction

9.1.1. Sources of Contaminant Gain and Loss in
Aguatic Systems

In aqueous systems, organisms are exposed o contaminants via multiple routes
(Fig. 9.1). The extent of contaminant accumulation ultimately depends on the
extent and mode of interaction with diverse contaminated media. The influence of
lipids on contaminant uptake likewise varies according to the route by which the
exposure takes place and the lipophilic character of the contaminant. Thus, it is
necessary o clanfy the environmental sources of contaminants for accumulation.
The means by which contaminants, once accumulated, can be eliminated from an
organism can also depend on organism lipid content. This elimination can be
modified by the route, contaminant lipophilicity, and extent of contamination of
the environmental compartment into which elimination occurs.

A few definitions will help guide the discussion. When contaminants are freely
dissolved in water, uptake by aguatic organisms occurs when the contaminant is
absorbed across a respiratory surface, the gills (Nichols et al., 1991, 1990); or less
commonly, across the cuticular epidermis or exaskeleton (Lien et al., 1994: Lien
and McKim, 1993). If uptake exceeds elimination, then bioconcentration has
occurred. If the ultimate source of the contaminant is not water (i.e., if the
contaminant is bound to some environmental medium such as sediment or is
present in an organism’s food), bivaccumulation from solid media can occur.
Because some fraction of the contaminant may detach from solid media and enter
the dissolved phase, some uptake of the contaminant directly from water may
occur (Bruner et al., 1994a). However, it is difficult to separate the fraction of the
contaminant that originates from solid media and the fraction that is directly
absorbed from water; bioaccumulation, thus, is understood to include both routes
of entry into an organism. Once a contaminant moves from abiotic media such as
water or sediment into living organisms, the contaminants can subsequently move
through the food chain when, for example, contaminated prey are ingested.
Trophic transfer is the term that describes the transfer of contaminants between
© 1998 Springer-Verlag New York, Inc.
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Fioure 9.1. Sources of contaminant gain and loss for aquatic organisms. Contaminants in
aquatic organisms are accumulated from both water and food. The contaminant distributes
within the aguatic environment in accordance with its characteristics and those of the
ecosystem between water, sediment, suspended material including particles, and dissolved
organic matter. This distribution will dictate the bioavailability of the contaminant and
depends on the characteristics of the interaction between the organism and phases into
which the contaminant is distributed. The accumulation of a contaminant in an organism
depends on the rate of exposure, the rate of distribution within the organism, and the
characteristics {e.g., lipid content) of the tissues and is balanced by biotransformation and
elimination processes to yield the net accumulation.

trophic levels via ingestion. A special instance of trophic fransfer, known as
biomagnification, occurs when contaminant loads increase significantly with each
successive trophic level. In both cases, the primary route of exposure is thought to
be from contaminated food.

Accumulated contaminants can also be eliminated from an organism. Because
most contaminants are generally accumulated through passive partitioning and
because the partitioning is an equilibrium process, contaminants can be eliminated
from an organism’s body by diffusion. The process depends on the relative affinity
of the contaminant for the organism and the compartment into which the contami-
nant is being eliminated. Several internal physiological processes dictate the rates
at that contaminants will be transported internally, deposited in lipid-rich storage,
or removed via some excretory process such as fecal egestion. Contaminants that
are susceptible to metabolism can be eliminated via chemical alteration. In addi-
tion, contaminant concentrations can be diluted through tissue growth even
though the contaminants are still present. Such growth dilution may reduce the
biological effects associated with contamination. Finally, contaminants can be
lost by offloading to necnates through reproduction or, in the case of animals that
undergo metamorphosis, through ecdysis. If an animal is actively bioaccumulat-
ing, then uptake must exceed loss. When the rates of uptake and loss are equal, the
organism is at steady state.
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9.1.2. Organism Adiposity and Internal Distribution
of Contaminants

Although contaminants can be accumulated from several environmental compart-
ments, once the contaminants are bioaccumulated, organism lipids become the
dominant force controlling the dynamics of distribution and the manifestation of
toxic effects. Lipids in organisms make up a significant portion of cell mem-
branes, are particularly concentrated around neurons, and are the fundamental
energy stores for organisms. Thus, lipids serve as membrane barriers to accumula-
tion and distribution of contaminants, the sites of toxic action where changes in
membrane function are disturbed by contaminant interaction, and the ultimate
storage site for contaminants that have high lipid solubility. The interaction of
contaminants with lipids depends, in large part, on the ability of the contaminant
to dissolve in the lipid, and contaminants that have low lipid solubility will not
cross membranes except through facilitated or active transport sites (Hunn and
Allen, 1974). By contrast, highly hydrophobic contaminants will be found more
strongly associated with lipid membranes and storage lipids of the organism.

Initial efforts to understand the interactions of organic contaminants and lipids
come from the pharmacological literature and are focused on understanding the
distribution of drugs within an organism (Bickel, 1984). Contaminants that are
freely dissolved in the blood are available for transport among tissues whereas
those that are sequestered by blood proteins and lipids are less mobile. Further,
contaminants that are highly lipophilic eventually end up in organism lipid stores
away from their receptor sites for toxic action However, lipid mobilization by an
organism under stress can release contaminants back to the general circulation. In
addition, contaminants of differing lipophilicity differ in their ability to be assimi-
lated because crossing the cell membranes into an organism requires the contami-
nant to pass through lipid membranes. Thus, differing lipid solubilities along with
other molecular featares such as molecular size produce differences in the rates
and extent of bioaccumulation. Because of the interest in developing better drugs
with more improved transfer efficiencies and rates, the partitioning of contami-
nants between water and representatives of lipid materials has been studied. The
best small molecule found to be representative of lipid materials was n-octane-1-
ol (usually referenced as octanol). The partitioning behavior between octanol and
water provides a standardized reference source for partitioning that has proved
very useful for evaluating the lipophilicity of contaminants (reviewed in Leo et
al., 1971).

The kinetics and efficiency of transport into organisms are determined by the
rate of presentation of contaminants to the membrane, the chemical activity
(chemical potential) difference between the source compartment and the organism
tissue, and the contaminant’s resistance for crossing membranes. Because mem-
branes are composed primarily of lipid bilayers, the ability of contaminants to
dissolve into, and move through, membranes dictates part of the kinetics of
transport (Hunn and Allen, 1974). The rate of exit from the membrane into the
circulating fluid and transport to the site of action or storage can also significantly
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dictate the rate of accumulation of lipophilic contaminants. The same factors
affect the transfer of the contaminants out of 4 tissue. In summary, when the lipid
solubility of the contaminant is high relative to its solubility in the source com-
partment, the contaminant will tend to pass into and accumulate in the organism.

The impact of lipids on these kinetic processes is most easily observed in their
effect on the rate of elimination. Organisms with higher lipid contents exhibit
elimination rates that are substantially slower than observed for leaner organisms
(Van den Huevel et al., 1991; Landrum, 1988). Differences in the overall elimina-
tion rates among organisms reflect the capacity of the organisms relative to the
source compartment, and decreases in elimination rate are reflected in increasing
bioaccumulation. In some cases, the rate of accumulation can increase with in-
creasing lipid content as was observed for the zebra mussel (Bruner et al., 1994a).
The mechanism for this increase is tied to maintenance of the concentration
gradient between the source compartment and the site of uptake. This presumes
that the rate processes involved in the distribution within the organism are not
rate-limiting. If distribution limitations become a significant portion of the rate
process, then distribution to the storage lipid will become disconnected from the
uptake rate process and lipid content will no longer be tightly coupled to uptake
rate. This was clearly demonstrated with the accumulation of trifluralin in rain-
bow trout, in which the uptake clearance rates declined in proportion o the
intercompartmental transfer rates with increasing organism size despite the in-
creased lipid content for large fish (Schultz and Hayton, 1994).

9.1.3. Nonlipid Factors Affecting Internal Distributions

In addition to the lipophilicity of the contaminant, the size of the molecule may
preclude its dissolution into the membrane and, therefore, accumulation by the
organism. In the extreme case of polymers, it is clear that even hydrophobic
(highly lipophilic) molecules such as polymers of polydimethylsiloxane are not
accumulated and are only found on the surface of organisms (Kukkonen and
Landrum, 1995; Opperhuizen et al., 1987). The failure of molecules to accumulate
can also be due to binding to extracellular materials such as dissolved organic
carbon (Bruggeman et al., 1984) or decreased permeability of the membrane
resulting from molecular size Hmitations, >9.5 A (Saito et al., 1990; Opperhuizen
et al., 1985; Zitko, 1980). Both mechanisms result in reduced bioavailabilities.
The effective molecular size range for interaction with lipids not only has an upper
fimit, at which the lipophilic membranes act as essentially impermeable barriers,
but there is also a lower molecular size cutoff. At the lower end, the membranes
are permeable to small un-ionized molecules. This size cutoff is <50 a.m.u.
(Walter and Gutknecht, 1986). The extra permeability is not related to the lipo-
philicity of the contaminant but rather inversely related to the molecular size. The
molecular volume dependence was attributed to the membrane properties, with
the lipid behaving more like a polymer than a liquid hydrocarbon (Walter and
Gutknecht, 1986}).
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Within the effective molecular size range, this relative solubility between the
source compartment and the organism’s lipid is a useful predictor of the potential
extent of accumnulation. For contaminants that contain ionizable functional
groups, the pK of the contaminant will influence the final storage site in the
organism (Hunn and Allen, 1974). For instance, pentachlorophenol (PCP) ionizes
and has a pKa of 4.74 (Westhall, 1985); its penetration into the organism requires,
in general, that the un-ionized molecule penetrate the membrane (Stehly and
Hayton, 1990), which is reflected by the apparent lipophilicity of the contaminant
as reflected by apparent changes in the octanol/water partition coefficient with pH
(Kaiser and Valdmanis, 1982). In the Great Lakes, where the pH is about 8, PCP
would be highly ionized (approximately 0.05% in the un-ionized form) so pen-
etration of the lipophilic membrane to enter the animal will be limited. In the case
of Diporeia, the uptake clearance for PCP (log K, 5.01; Westhall, 1985) from
Lake Michigan water was 3.74 ml - g~! - h~} (Landram and Dupuis, 1990),
whereas the uptake clearance for pyrene, a contaminant of similar log K, (5.2),
was 131 ml - g~ - h~! (Landrum, 1988). Similarly, the distribution within the
organism may become limited because of ionization in the circulatory fluid of the
organism, which limits distribution within and, in some cases, elimination from
the organism. The impact of ionization is equally important for contaminants
having basic as well as acidic functional groups. The relative state of ionization
will dictate the degree of penetration into the lipophilic environment of the mem-
brane due to changes in lipid solubility of the contaminant.

9.2. Prediction of Bioconcentration and Bioaccumulation

9.2.1. Bioconcentration

Once the contaminant enters the organism and is distributed to the final storage
site, the relative solubility in lipid will permit predictability. As with the distribu-
tion between the circulating fluid and the tissue, the partitioning characteristics of
the contaminant between -octanol and the source can help predict the accumula-
tion potential of the contaminant. This approach works as well for terrestrial
organisms as it does for aquatic organisms (Kenega, 1980). For aquatic organisms
exposed in contaminated water, nonpolar contaminants are accumulated in pro-
portion to the octanol/water partition coefficient (K,,) of contaminants. This was
first demonstrated by a prediction of the bioconcentration of contaminants by fish.
The Jog of the bioconcentration factor (log BCF is defined as log of the ratio of the
contarninant concentration in the organism to the contaminant concentration in
the water) was linearly correlated with the log K, (Neely et al., 1974). The use of
this approach was further demonstrated through the work of Veith et al., (1980,
1979) and Mackay (1982) on fish. Subsequently, the bioconcentration in both
invertebrates and macrophytes was examined with respect to log K, (Gobas et
al., 1991; Connell, 1988; Hawker and Connell, 1986). In all cases, there was
evidence of nonlinearity for large, very hydrophobic contaminants. Some of this
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nonlinearity was accounted for by molecular size as stated above. Steric proper-
ties (e.g.. molecular size, surface area, or configuration) of even relatively small
molecules such as polychlorinated biphenyls (PCBs) can influence the relative
bioaccurnulation of contaminants compared with traditional log BCF — log K,
relationship (Shaw and Connell, 1984). In addition, there is evidence that 1-oc-
tanol becomes a less ideal solvent for larger molecules. Thus, accounting for the
relative solubility in octanol removes some of the observed nonlinearity in BCF
prediction (Banerjee and Baughman, 1991).

Because the contaminant lipophilicity as measured by K, and extent of con-
taminant accumulation are so well related, a convention developed to normalize
the contaminant concentrations to the lipid contents of organisms. This technique
reduced the variability between organism species and resuted in improved pre-
dictions for accumulation from water (Barron, 1990; Connell, 1988). However,
cases remain that demonstrate the limitations of lipid normalization to totally
account for the variation in contaminant accumulation among species. For in-
stance, in Lake Baikal lipid-normalized BCF-K, relationships had different
slopes for two fish species (Kucklick et al., 1994). Similarly, the BCFs for lake
trout and white fish from Siskiwit Lake on Isle Royle exhibit significant vari-
ability even with lipid normalization; the regression with log K was weak for
pesticides, and the correlation for PCBs was even more variable (Swackhamer
and Hites, 1988). In some cases, the absence of improved relationships despite
lipid normalization may be due to inclusion of multiple contaminant classes in the
regression (Axelman et al., 1995; Connell, 1988). Where contaminant characteris-
tics change, the interaction with lipids also changes. Thus, even in a single
species, the slopes of the relationships between lipid-normalized BCF and log K,
are different for different contaminant classes (Axelman et al., 1995). Thus,
predictability will depend on both the composition of the lipids and the charac-
teristics of the contaminant. Both characteristics will contribute to an interaction
that will determine the relative contaminant solubility in the organism’s lipids and
the ability of log K, to predict that solubility interaction. This predictability will
generally be good within a species and class of contaminants (Axelman et al.,
1995; Connell, 1988). However, the variance in the predicted BCF may be sub-
stantial if attempts are made to predict across species and contaminant classes
(Connell, 1988). For instance, the intercepts for regressions of log K, against the
lipid-normalized BCF range over an order of magnitude among organisms
whereas the slopes vary from 0.844 to 1.0. (Connell, 1988). Despite the above-
mentioned caveats, lipid normalization of contaminant concentrations remains the
most viable and useful method of predicting BCFs and serves an important role in
screening new contaminants for potential BCFs.

9.2.2. Bioaccumulation

The variance in the predicting contaminant accumulation, using such predictors as
log K, increases substantially compared with predictions from agueous ex-
posures when attempting to predict the thermodynamic limits for contaminated
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sediment exposures. The increased variance results from the organic matrix of the
sediment competing with the organism lipids for the relative sclubility of the
contaminant, There is a hypothesis that if a correction is applied for the amount of
organic matter in the sediment, generally expressed as organic carbon, then the
thermodynamic limit for bioaccumulation becomes relative to the freely dissolved
contaminant concentration in the interstitial water, which is representative of the
chemical activity (DiToro et al., 1991; McFarland and Clark, 1989; McFarland,
1984). According to this model, the derived biota sediment accumulation factor
(BSAF), in which the concentrations in the sediment are carbon-normalized and
those in the organism are lipid-normalized, should be invariant with log K. The
theoretical thermodynamic partitioning relationship between the sediment organic
matter and the organism lipid leads to an estimated constant value of 1.7 (McFar-
land and Clark, 1989). This value represents the relative capacity of organism
lipid and sediment organic matter on a unit mass basis and should not vary with
log K., In studies that have measured BSAF among organisms and sediments, the
variance can exceed 100-fold between the lowest and highest values even for
the same contaminants (Brannon et al., 1993; Lee, 1992; Lake et al., 1990).
The magnitude of this range was suggested to result from an absence of true
equilibrium/steady state for some of the data.

The difficulty appears to be in accounting for the bivavailability of the organic
contaminants in the sediment matrix. If the uptake clearance from the sediment
(the amount of sediment cleared of contaminant per mass of erganism per hour) is
used as a measure of bicavailability, simple normalization to the amount of
organic matter in the sediment is inadequate to explain all the chserved variance
by a factor of 10 (Landrum and Faust, 1994). Further, bioavailability is not even
the same for contaminants of similar hydrophobicity from a single sediment
(Harkey et al., 1994a; Landrum and Faust, 1991). This change in bicavailability
appears to be driven in part by differences in the distribution of contaminants
among the varying particles within the sediment matrix (Kukkonen and Landrum,
1996; Harkey et al., 1994b). Further, these distributions do not always correlate
with the amount of organic carbon in a particular sediment fraction (Kukkonen
and Landrum, 1996; Harkey et al., 1994b). Thus, it is not surprising that the
relationship between sediment concentration and bicaccumulation is not regular
even when normalized for organic carbon and lipid. Prediction among sediments
will likely require additional factors to better account for the interaction of the
contaminant with the sediment.

9.3. Factors Affecting Prediction

9.3.1. Methods for Measuring Lipid Content

Among the factors that affect the ability to predict either bioconcentration from
water or bicaccumulation from sediments is the method used (o measure the lipid
content of the organism. Lipids have been extracted through the use of several



210 PF Landrum and S.W. Fisher

organic solvent combinations. Most frequently, the solvent chosen for the lipid
extraction is determined by that which most efficiently extracts the contaminant of
interest from the various matrices. This often leads to incomplete extraction,
sometimes in excess of 50%, of the total lipids and is generally a fatlure to extract
the polar lipids (Ewald, 1996). Further, the solvents specifically used for lipid
extraction sometime fail to completely extract the contaminants, particularly in
Jeaner organisms with a difference of nearly 40% in some cases (Ewald, 1996).
There has been little effort to intercalibrate the relative extractability of the
various solvent systems with a more conventional system, chloroform:methanol,
to extract lipids (Bligh and Dyer, 1959; Folch et al., 1957). These extraction
differences may fead to substantial differences in comparing the lipid-normalized
bioconcentration across studies and among species of varying lipid composition.
We suggest that the substantial variability in lipid extractability among data sets
could be eliminated by standardizing to the Bligh-Dyer extraction scheme, which
uses a chloroform:methanol extracting solvent and is known to extract both polar
and nonpolar lipids (Randall et al., 1991). It would not be necessary for all studies
to use a single extraction technique, but there should be an intercalibration be-
tween the extraction solvent of choice and the Bligh-Diver scheme. This would
permit calculation to common units. This scheme can even be adapted for the
measurement of lipid content for small sample masses (Gardner et al., 1985).

9.3.2. Lipid Composition and Bioaccumulation

The relative lipid compositions among species also contributes to the observed
variation in bicaccumulation potential. The generally held view is that neutral
storage lipids are the most important class for the bicaccumulation of nonpolar
contaminants. Thus, species with higher neutral lipid fractions would presumably
accumulate higher contaminant concentrations on a lipid-normalized basis. How-
ever, the evidence for the role of lipid composition is limited. Several studies have
focused on the relative extractability of the contaminant of interest and the corre-
sponding lipid to suggest the role of lipid composition on biocaccumulation
(Ewald, 1996; de Boer, 1988; Schneider, 1981). Another approach examining the
role of lipid composition to compare across species and contaminant characteris-
tics used different poriions of the lipids as normalizing factors. When this is done,
prediction of bicaccumulation was better related to total lipid content than to any
one lipid fraction (Kucklick et al., 1996; Stange and Swackhamer, 1994).

The relative distribution of the moderately lipophilic herbicide triallate was
investigated by using autoradiography (Arts et al., 1995) and mass spectrometric
techniques {Arts et al., 1996) and showed that the contaminant resides primarily in
the storage lipids and in the highly lipophilic nervous system tissues. Although the
triallate was found in storage lipids as expected, the bicaccumulation did not
always correlate with the triglycerol content of the amphipods (Arts et al., 1995).
This suggests a role for other lipids or other storage sites in some species that were
not detected by the above techniques.
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Some experiments have examined this issue more directly. One such study
extracted lipids from phospholipid-rich organisms and from triglyceride-rich or-
ganisms. The extracted lipids were coated onto filters, and the relative partitioning
onto the filters was determined. The data indicated that the filters coated with
triglyceride-rich lipids accumulated nearly twice the amount of tetrachloro-
biphenyl compared with filters containing lipids with 20% or more phospholipids
{Ewald and Larsen, 1994). From this more direct study, the bioaccumulation by
biota was deduced to vary with triglyceride composition of the species.

In another study, the two lipid types, buovant nonpolar and polar membrane-
associated lipids, were separaied by physical means, and the corresponding accu-
mulation of contaminant in each phase along with the corresponding lipid com-
position of each phase were examined. On a lipid-normalized basis, both phases
contained essentially the same concentration of the nonmetabolized contaminants,
suggesting that the polarity of the lipid when it exists in the organism does not
dramatically affect the accumulation of nonpolar contaminants (Gardner et al.,
1990).

The ability to accurately determine the influence of differing lipid compositions
contaminant bicavailability is not completely resolved, and new approaches to
study the issue are required. An additional interesting finding of the Gardner et al.
{1990} study was a dynamic imbalance (differences in normalized lipid con-
centrations) among the lipid pools that continued for a relatively long time period
(>>24 h) in mysids. Thus, before comparing among lipid pools, it is critical that
adequate exposure time be allowed to ensure that the pools are dynamically in
balance (i.e., have equal chemical activities [lipid-normalized contaminant con-
centrations] among the lipid pools). If this is not the case, the analyses may
artificially indicate that there are differences in the contaminant distribution rela-
tive to lipid content when, in fact, the organism is out of steady state relative to the
distribution among the various pools. The absence of balance among the lipid
pools is more likely to occur for larger animals in which the distribution processes
require longer times before pools attain equal chemical activity.

9.4. Mimicking Bioconcentration with Semipermeable
Membrane Devices

With the recognition that the lipid content of organisms drives the bicaccumula-
tion of nonpolar contaminants, attempts have been made to develop nonbiological
surrogates. These surrogates would directly sample the chemical activity of sys-
tems without the difficulty of maintaining live organisms or accounting for pro-
cesses such as biotransformation that complicate the interpretation. Early efforts
used solvent-filled dialysis membranes or hexane “droplets” as surrogates for
accumulation of contaminants (S6dergren and Okla, 1988; Stdergren, 1987). This
early work produced encouraging comparisons between the accumulation by
nonbiological surrogates and organisms. However, there were difficulties with the
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hexane-filled bags and with the dialysis tubing. The hexane tended to dialyze out
of the bags, and the dialysis membranes degraded over time. More recent ap-
proaches have used thin polymeric film membrane bags with a lipid material for
filler (Huckins et al., 1990a) and an improved method for contaminant recovery
from these samplers (Huckins et al., 1990b). Because these semipermeable mem-
brane devices (SPMDs) are filled with lipid materials, they should more accu-
rately reflect the contaminant capacity of lipids in organisms. Further, unlike
solvents, the large molecular size of the lipids precludes their diffusion out of the
sampler into the water.

The properties of these samplers have been well characterized by deploying
them alongside caged organisms including both fish and bivalves (Ellis et al.,
1995; Prest et al., 1992). In both cases, the SPMDs performed well in samphing the
environment for nonpolar organic contaminants. In one study, the results of the
SPMDs were compared with another method that measured concentrations in
ultrafilter permeates (Ellis et al., 1995). The SPMDs gave equivalent results with
the ultrafilter permeates in indicating the amount of contaminants bicavailable for
aqueous exposures. However, caged (channel catfish) and feral fish (carp and
sauger) residues exhibited fewer contaminants. The differences between caged
and feral fish may be due to mobility of the feral population reflecting differing
sources, differences in species, and enhanced metabolism in the feral organisms.
In general, the SPMDs had higher concentrations of contaminants compared with
the fish. This may refiect more rapid accumulation, the absence of biotransforma-
tion, and/or rapid elimination of the contaminants from fish (Ellis et al., 1995).
When contaminant concentrations in the samplers were compared with caged
bivalves (Corbicula fluminea), there were again differences between the mussels
and the SPMDs. In general, the SPMDs sequestered a wider range of contami-
nants, and there were differences in the distribution between the clams and the
SPMDs. Further, the clams sequestered greater concentrations than the SPFMDs,
which may be the result of greater uptake rates and additional pathways such as
accumulation from food (Prest et al., 1992). It is clear that SPMDs can take a long
time to come to true equilibrium, and this can be further modified by biofouling in
aquatic systerns. However, these devices held the potential to provide a good
baseline for aqueous exposures. Because they are passive storage devices, they
will never reflect the active processes that govern the uptake and loss of contami-
nants by aquatic organisms. This also serves to suggest that although biocon-
centration and bicaccumulation, even when evaluated at steady state, may be
proportional to the storage capacity (lipid content) of the organism, neither may
reflect the chemical activity of a given contaminant in the system. Both biocon-
centration and bioaccumulation depend on the toxicokinetics that are dictated by
chemical and biological processes affecting contaminant exposure and loss and
the available contaminant sources.
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9.5. Toxicity and the Role of Lipid

9.5.1. Release of Sequestered Contaminant
During Metabolism

Because persistent organic contaminanis accumulate in lipid material, alteration
of the lipid poot can alter the toxicity of contaminants. For example, when lipid-
rich organisms such as salmon are starved to reduce the total lipid, stored toxins
are also released, which can produce deleterious results (Ewald, 1996; Bickel,
1984). Further, organisms that are rich in lipid can sequester toxic contaminants in
storage sites, thereby removing the toxin from the site of toxic action {Geyeret al.,
1994, 1993 van den Huevel et al., 1991; Bickel, 1984). Thus, the relative storage
capacity of organisms needs to be considered not only for bicaccumulation but
also for toxicity. Normalization to the amount of lipid in the organism is suggested
to reduce this variation when comparing toxicity values for neutral organic con-
taminants among species (Gever et al., 1994). Normalized contaminant con-
centration data lead to the idea of the survival of the fattest. This concept has been
incorporated into a model of exposure and toxic response for narcotic contami-
nants. Not only will the fattest organisms have additional storage capacity, the
higher fat content will impart additional energy reserves to help the organism
weather stresses (Lassiter and Hallam, 1990).

The significance of lipid content and composition will increase as attempts are
made to establish residue effects concentration in organisms. Residue effects
concentrations are the measured concentrations of contaminant, on a whole-body
hasis, that are equated with a toxic response. Residue effects concentrations are
under development in an attempt to move aquatic toxicology from the use of the
external environment as a measure of exposure to the internal dose as the exposure
measurement {McCarty and Mackay, 1993). There have been several studies
demonstrating the reduction in overall range of doses required to produce mot-
tality, particularly for nonpolar narcotics (e.g.. polycyclic aromatic hydrocarbons
[PAHSs], chlorinated benzenes, PCBs), compared with the use of external con-
centrations (e.g., for fish, as reviewed by McCarty and Mackay, 1993; for amphi-
pods, Landrum et al., 1994, 1991, and Landrum and Dupuis, 1990; for daphnids,
Pawlisz and Peters, 1993a,b). The remaining variance can be attributed td three
potential causes: the relative capacity for a contaminant of one species or group of
organisms over another (i.e., differences in lipid content), the inherent difference
in the sensitivity of one species or portion of the population versus another for the
contaminant, and the relative biotransformation capability of different organisms.
For contaminants that act as narcotics and are not readily biotransformed, differ-
ences in the sensitivity among and within species can be largely accounted by
adjusting for the lipid composition and content of the crganisms. For example, the
variation in the lethal body burden (residuc effects concentration) in fathead
minnows exposed to chlorinated hydrocarbon contaminants was reduced 50% by
accounting for the minnows’ lipid content (van Wezel et al.. 1995). Specific
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comparisons among species and the role of lipid content on residue effects con-
centrations have yet to be fully explored. However, based on the intraspecies role
of lipid and the general understanding of the storage of toxins and their impact on
the toxic response (see above), it is clear that variation in the storage lipid capacity
among organisms will help explain the variance among species when comparing
residue-based effects.

9.5.2. Lipids and Membrane Narcosis

The direct interactions of contaminants with membrane lipids can result in
narcosis. Two reviews on this subject (van Wezel and Opperhuizen, 1995;
Mullins, 1954} suggest that the function of the lipid membrane becomes impaired
when a sufficient molar volume of contaminant becomes dissolved in the mem-
brane. The in vivo membrane burden of toxicant that produces narcosis is 40—-160
mmol - kg = lipid, and this range corresponds to approximately 3ml - kg~'ona
vohume basis (Mullins, 1954). The change in membrane function is thought to
occur because the ion permeability of the membranes increases due to an increase
in fluidity of the lipids with the solubilization of contaminants (van Wezel and
Opperhuizen, 1995). Such changes in membrane fluidity have been demonstrated
in the presence of the narcotic benzyl alcohol through the use of nuclear magnetic
resonance (NMR) (Ma et al., 1992). These NMR studies demonstrated that the
thermodynamic character of lipid membranes changes with the introduction of a
Narcotic.

9.5.3. Effect of Toxins on Lipid Metabolism and Function

The incorporation of modified faity acid molecules, such as chlorinated fatty
acids, into the lipid biomolecules and subsequently into membrane structures is a
newly recognized problem. The presence of chlorine in the fatty acid moiety
causes a bend in the molecule similar to that produced by a double bond. Changes
in chemical character and molecular conformation may or may not be recognized
by the biochemistry of the organism. When these chlorinated fatty acids are
incorporated into lipid bilayers, the membrane character may be altered. Further,
incorporation of lipids containing chlorinated fatty acids into storage lipids should
not initiaily affect the organism, but when these are mobilized for energy, there
may be less energy available (Ewald, 1996). In highly polluted areas, up to 1% of
the total fatty acids in an organism may be chlorinated (Hakansson et al., 1991).

The exposure to contaminants can also directly affect the lipid content, either
through effects on lipid metabolism or by increasing the overall stress, thus
increasing catabolism with resuitant reductions in lipid. However, the exposure to
chemicals need not always result in reductions in lipids. Rainbow trout (On-
corhynchus mykissy exposed to heptadecane not only sequester the contaminant in
the lipid stores but metabolize the heptadecane to fatty acids that become incorpo-
rated into the neuiral and phospholipid fractions of the organism (Cravedi and
Tulliez, 1986).
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More often, however, exposure 10 contaminants results in a reduction in Lipids.
For instance, when rainbow trout were exposed to PCP, the surviving organisms at
the high dose showed significant reductions in total lipids (van den Huevel et al.,
1991). Other similar examples exist for exposures to both organic and inorganic
contaminants. For example, the accumulation of lead in fish yielded reductions in
total lipids, phospholipids, and cholesterol. This was accompanied by an increase
in lipase and free fatty acids (Tulasi et al.,, 1992). Both of these effects were
observed during the preparation for reproduction. Organic pesticides, y-BHC and
malathion, were observed to affect lipid metabolism during the vitellogenic phase
of the annual reproductive cycle in the catfish Clarias batrachus (Lal and Singh,
1987). These contaminants affected both nonpolar lipid and phospholipid metabo-
lism. In particular, these pesticides inhibited the esterification of free fatty acids 1o
acyl glycerides and also affected their mobilization from liver to gonads (Lal and
Singh, 1987). Thus, the impact of contaminants on lipid metabolism, particularly
in preparation for reproduction, provides some insight into mechanisms for re-
productive impairment of fish and presumably to other aquatic organisms exposed
to environmental contaminants.

9.6. Relevance of Food Chain Transfer to Bioaccumulation

9.6.1. Relevance of Trophic Transfer to Bioaccumulation

Previous sections have dealt primarily with the uptake of contaminants directly
from water and the role of lipids in determining bioconcentration. However, living
organisms can also accumulate contaminants via consumption of contaminated
food. Dietary transfer of contaminants has been a controversial subject for several
decades. A large number of investigators have argued that uptake of contaminants
from dissolved form in water eclipses accumulation from any other source and,
thus, can be considered the primary source of contaminant exposure in the aquatic
environment (Shaw and Connell, 1986; Bruggerman et al., 1981; Chiou et al,,
1977; Moriarty, 1975). Because there are tremendous political and policy rami-
fications that stem from resolution of this issue and because the role of lipids in
bicaccumulation takes on several added dimensions if accumulation from food is
significant, the major points of argument are presented here.

Identification of bioconcentration as the most relevant route of contaminant
exposure stems largely from the observation that uptake of contaminants from
water is very rapid and can quickly generate significant body burdens (Fisher et
al., 1993; Reynoldson, 1987). Because bioconcentration is a partitioning phenom-
enon between an aqueous phase and a lipid phase, movement of the contaminant
from water into the organism is driven by the lipid content of the organism and is
usually predictable from log K., as described above. Short-term laboratory assays
are effective in measuring bioconcentration. However, in aquatic systems, most of
the contaminant load is retained in sediment (DiPinto et al., 1993). Thus, it is
highly likely that slower transfer processes such as accumulation from sediment
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or from food are more relevant to long-term ecosystem dynamics. Dietary accu-
mulation requires contaminant desorption from a lipophilic site in food into water
in the gut, then subsequently to a lipophilic phase in the intestinal membrane. This
two-phase process is less kinetically favorable and less predictable than a simple
water-to-lipid partitioning. In addition, long-term assays are needed to quantify
bioaccumulation and trophic transfer. However, it now appears that bioaccumulia-
tion is a dominant process at lower trophic levels, where benthic invertebrates
play an ecologically pivotal role in removing contaminants from storage in sedi-
ments and funneling the contaminants into aquatic food chains (Landrum and
Robbins, 1990; Swartz and Lee, 1980). Subsequent trophic transfer of contami-
nants following lower-tier food chain introduction may account for as much as
90~-99% of the contaminant load in top predators (Thomann, 1989; Rubenstein et
al., 1984; Thomann and Connolly, 1984). It is now acknowledged, in a large
number of studies that have used organisms as diverse as invertebrates and fish,
that diet is the primary source of contaminant for highly tipophilic (log K, >3),
nonmetabolized chemuicals (Landrum et al., 1991; Rasmussen et al., 1990).

Establishing the reality of trophic transfer of contaminants in food chains has
important implications for hazard assessment. For example, if the primary source
of contaminant accumulation is not water, as suggested by the proponents of
bioconcentration, then merely removing contaminants from the water column
cannot necessarily be equated with a reduction in hazard. Exposure of living
organisms to contaminants will continue as long as contaminants are present in
any biologically active medium. In addition, contaminants can move from aquatic
to terrestrial environments via consumption of contaminated prey. Food chain
length is also important when trophic transfer is accompanied by biomagnifica-
tion. Lengthening the food chain by itroducing species can exacerbate this prob-
lem (Rasmussen et al., 1990). Thus, exposure of humans and fish-eating wildlife
is, thus, an ongoing health concern (Rasmussen et al., 1990).

9.6.2. Role of Lipids in Food Chain Accumulation

9.6.2.1. Fugacity Model

In theory, the type and amount of lipid in an animal should determine the extent to
which a lipid-soluble contaminant will accumulate at each trophic level in a food
chain in relation to the chemical activity of the contaminant in the source com-
pared with the organism (the sink) in question. However, t¢ accurately assess the
contaminant movement via ingestion, it is necessary to account for lipid levels in
both the food (the source of contamination) and the predator (the sink). Addi-
tionally, several factors, which do not directly relate to lipid levels, are potentially
very important in determining food chain accumulation. These include feeding
rates, digestibility of prey, gut retention time, length and morphology of the
digestive tract, the rate of fecal egestion, and the growth rate and age of the
organism (Sijm et al., 1992; Clark and Mackay, 1991; Thomann, 1989; Serafin,
1984). These factors may obscure the role of lipids in trophic transfer.
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The complexity of assessing food chain accumulation calls for an organizing
prineiple that can cull factors of little relevance and highlight processes or factors
that are germane. The fugacity concept is particularly useful for discerning the
role of lipids in trophic transfer.

The term fugaciry was originally used to describe the thermodynamic tendency
for a gas to escape from one phase and to enter another. The term comes from the
Latin “fugal” to flee. Fugacity (f) is defined in units of pressure (pascals or Pa)
and is related to chemical concentration, C (mol - m~7), through the fugacity
capacity, Z (mol - m~* - Pa~!) where

Zf=Corf=C-Z"1

Thus, fugacity increases lincarly with contaminant concentration. The fugacity
capacity is specific to a particular compartment and assesses the ability of that
compartment to hold the chemical (i.e., prevent it from escaping). The fugacity
capacity of a compartment can be considered analogous to the heat capacity of a
material. The fugacity capacity is effectively half a partition coefficient and is
often determined empirically (Mackay, 1991). A chemical will always move from
high to low fugacity unless active transport is occurring (Gobas and Mackay,
1987). At equilibrium, the fugacity in all compartments will be equal (Landrum et
al., 1992), and flux, N (mol - h—1), of a chemical between phases will be zero.

The simplest fugacity-based contaminant accumulation models are biocon-
centration models that assume lipids are the driving force in accumulation. The
fugacity approach to determining bioconcentration is analogous to determining a
lipid-based partition coefficient. The lipid-normalized BCF is defined as the ratio
of the concentration of contaminant in organism lipid to the contaminant con-
centration in water at steady state:

BCE = (Corganism 1ipid) ’ {Cwaser)il
Similarly,
(Corganism iipid) : (Cwatcr)7! = (Zforganism ﬁpid) : (waater)—i
Because at cquilibrium, f1s equal in all phases,

BCF = (Zgunism tipia) ~ Eowater) ™!

In fugacity terms, the lipid-normalized BCF can be calculated simply as the
ratio of the two fugacity capacities for the respective lipid and water phases.

Although the transfer processes involved in trophic transfer are more complex
than in bioconcentration, simple fugacity-based (thermodynamic) models can still
be used to describe accumulation. Additionally, parameters can be included in the
madel to account for uptake from water as well as accumulation from food. For
instance, Thomann (1989) constructed a simplified food chain consisting of phy-
toplankton, zooplankton, small fish, and predatory fish. Uptake of contaminants
by algae consisted of simple lipid-normalized bioconcentration. However, accu-
mulation in planktivores and predators included terms describing not only uptake
from water but assimilation from food as well. The latter were all lipid-normalized
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to correct for variability in accumuliation due to lipid content. This mode!l works
well but is very dependent on the concentrations in the lower food web that are
predicted from equilibrium partitioning theory (Thomann, 1989).

9.6.2.2. Mechanism for Trophic Transfer

The Tugacity-based approach to understanding trophic transfer has yielded impor-
tant information about the mechanisms of trophic transfer and their relationship to
lipid levels. One implication of the fugacity model, for instance, is that the
fugacity of the food must be higher than the fugacity of the organism for trophic
transfer to occur. This can occur if the predator is kinetically limited in achieving
steady state compared with the prey. Then the prey will be at a higher ther-
modynamic chemical potential than the predator. Such a situation can easily occur
with large growing predators such as large fish that may never attain the ther-
modynamic chemical potential of the system, and thus transfer of the contaminant
will continue down a chemical activity gradient. It may also be the case that the
prey is exposed to sources not available to the predator (e.g., the prey come from
the sediment and the predator only experiences the overlying water}. This could
readily occur because fine sediments are focused into depositional areas that are
often out of thermodynamic equilibrium with the overlying water.

More often, however, the predator and prey may be at the same thermodynamic
potential relative to the major source (e.g., water). How then can bioaccumulation
occur from the prey to the predator? By empirical observation, most organisms in
a food web appear to have similar fugacities (Gobas et al., 1993a). Thus, the
required lipid—water—lipid partition (chemical activity gradient) that is needed to
move a contaminant from ingested food into an aqueous phase and then back to a
lipid phase in the organism would seem o be absent. Thus, if trophic transfer were
to occur, contaminants would have to move without or against a fugacity gradient.
In the absence of active uptake, there is no mechanism to account for this.

A focus on lipid and its influence on contaminant transfer has been invoked to
explain this apparent contradiction. When contaminated food is ingested by an
organism, the contaminants move into the gastrointestinal tract (GIT) in associa-
tion with lipids. Once present in the gut, digestion begins to take place. Lipids are
dissociated from the bulk of ingested material, acted on by specific enzymes, and
transported across the gut wall via specific lipoprotein carriers. Two hypotheses
can be invoked for contaminant transfer: (1) the contaminants may stay associated
with the lipid material and move with the lipids actively, and (2) the contaminants
are left behind while the lipids are digested and absorbed. This has two important
consequences: (1) there is a smaller food volume remaining in the gut, resulting in
a momentary increase in the contaminant concentration; and (2) the food remain-
ing in the GIT has lost part of the lipid component that sequesters contaminants.
Thus, the ability of the remaining food to dissolve the contaminant is reduced and
the fugacity capacity of the food goes down, causing the fugacity of the food to
become higher than that of the organism. The increase in concentration and
fugacity of the contaminant in the food relative to the organism causes the con-
taminants to passively diffuse food across the gut wall into the organism. Thus,
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net movement of the contaminant between predator and prey, which appear to
have equal fugacity, becomes possible (LeBlanc, 1995; Gobas et al,, 1993a;
Thomann, 1989). In either mechanism, Lipids become the driving force for the
bivaccumulation of contaminants from food.

Because lipids are the driving force behind rophic transter (Gobas et al., 1989),
it 15 important to account for the influence of both lipid in the food and lipid in the
organism, which may have contrasting effects. Organism lipid levels have been
previously discussed. How will contaminant transfer from z high-lipid food differ
from a low-lipid food, for instance? According to the fugacity concept, if the
primary phase responsible for dissolving the contaminant is lipid, then the
fugacity capacity of high-lipid food should be high, resulting in low fugacity at a
given food concentration. In other words, less contaminant should move into the
consumer’s tissues from a high-lipid food than a low-lipid food. In a single study
of this issue, uptake of most hydrophobic contaminants from a low-fat diet
was much higher than from a high-fat diet (Gobas et al., 1993b). Although the
fugacity-based explanation for this observation may be correct, in the case in
which the fugacities in the two food sources are equal, it may be true that the
digestibility of the high-lipid food is decreased and fugacity undergoes a greater
elevation for the low-lipid food during the transit through the GIT. Discerning the
role of food lipid in trophic transfer has been identified as a critical research need
(Clark and Mackay, 1991).

9.6.3. Factors Affecting Trophic Transfer

9.6.3.1. Assimilation Efficiency

Trophic transfer of contaminants is frequently assessed and quantified by using an
assimilation efficiency (AE) as the critical measurement. At its most basic level,
%AE 1s simply the ratio of the contaminant retained in the consumer’s tissues
compared with the contaminant ingested (Harkey et al., 1994b). A question in
anticipating how AE values will vary in nature is, how will AE be affected when
tracking the fate of contaminants with different hydrophobicities? Measurement
of the AE for organisms can be extremely difficult unless the food source can be
isolated and the exact contaminant concentration determined. For many selective
feeding organisms, such as benthic amphipods (e.g., Diporeia spp.), isolating the
food supply can be problematic and exact measurement of the AE difficult to
determine (Harkey et al., 1994b). Thus, interpretation of measured AEs must be
performed with care.

Clearly, as the log K, of a contaminant increases, there is a greater propensity
to partition into lipid-rich tissues. However, when the contaminant must be trans-
ferred from a lipid phase (food) instead of an agueous phase, then the relationship
may be less straightforward, as described previcusly. Indeed, several studies
indicated that there is an inverse relationship between AE and contaminant hydro-
phobicity (Bierman, 1990; Muir and Yarechewski, 1988). Thus, as the hydro-
phobicity of the contaminant increases, the lower the tendency to move from food
lipid into the consumer’s tissues.
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9.6.3.2. Miscellaneous Factors Affecting Assimilation

The relationship between contaminant characteristics and AE can be modified by
a variety of factors. The feeding rate and the amount of food ingested, for instance,
can exert considerable influence on AE. When identical amounts of contaminants
were fed to guppies, Poecilia reticulata, in two different volumes of food, the AE
appeared to be lower in the case in which more food was used (Clark and Mackay,
19913, In reality, the AE declined because fecal egestion increased when a higher
food volume was used. Thus, the thermodynamic tendency for the contaminant to
move from food into the organism was not altered between exposures, but the
processing of the food was quicker in the case of the high food volume, resulting
in diminished contact time in the gut and an apparent reduction in absorption
efficiency. Gut retention time is a key factor in determining absorption. Bruner et
al. (1994b) found that AEs of several contaminants from sediment into zebra
mussels were much lower than AE of the same contaminants from algae in part
because the residence time of the sediment in the GIT was much lower.

Gut morphology can also be important in determining AE. For birds, the
proximal part of the GIT appears to absorb more contaminants (Serafin, 1984).
This may indicate a reduction in absorption efficiency in the distal portions of the
GIT. Because the fugacity of the contaminant may be highest when the greatest
digestion and removal of lipid has occurred in distal portion of the GIT, AE may
decrease as a function of intestinal length.

In short, AE is known to be critical in assessing trophic transfer. Organism lipid
levels are clearly important in determining AE. However, a variety of other factors
that are not related to the adiposity of the organism is also influential. These
inferacting factors may obscure the relationship between AE and lipids.

9.7. Biomagnification and Organism Lipids

9.7.1. Is Biomagnification Real?

The issue of biomagnification has been a thorny one for years and has always
revolved around lipid levels of each food chain element. An early report of
biomagnification was the description of DDT levels in a Lake Michigan food
chain (Harrison et al., 1970). In a simple food chain consisting of sediment,
amphipaods, fish, and herring gulis, they detected DT concentrations of 14, 410,
3,000-6,000, and 99,000 ppb, respectively. The increase in DDT concentration
with each trophic level was attributed to the fact that biomass conversion at each
trophic link was <<50% whereas DDT transfer was close to 80%. The concentra-
tion of DDT, thus, increased with each successive food chain link. Additional
concentrating mechanisms were later identified. These included resistance to
metabolism, high lipid solubility, and increasing lipid levels with each trophic link
{Bierman, 1990).

Early reports of biomagnification were contested as a greater mechanistic un-
derstanding of the processes involved in accumulation evolved. In particular, the
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finding that the contaminant uptake directly from water was by far the fastest
route of accumulation, and that contaminant levels in top trophic levels could
often be produced by bioconcentration alone (LeBlanc, 1995) caused doubt. In
addition, failure to find biomagnification occurring in all ecosystems or in all
components of a food chain was problematic. Highly hydrophobic contaminants
such as PAHs, for instance, do not biomagnify (Burns and Teal, 1979} primarily as
a result of biotransformation. Burrows and Whitton (1983) found that contami-
nant loads were higher in mayflies than in the predators that ate them. In many
cases, contamninant loads varied randomly between trophic levels without discern-
ible patterns (Biddinger and Gloss, 1984; Kay, 1984; Macek et al., 1979). in the
absence of a mechanism to account for biomagnification, there was only inconsis-
tent evidence to support its validity.

In a recent review of hondreds of studies on biomagnification, Suedel et al.
(1994) concliuded that, although the occurrence of biomagnification is much more
limited than previously suggested, it is nonetheless a reality in some systems.
Biomaguification appears to be limited to a small but very important group of
highly lipophilic (log K, >5), nonmetabolized contaminants that include DDT,
DDE, PCBs, toxaphene, and organic forms of mercury and arsenic. Biomagnifica-
tion is precluded by, among other things, susceptibility to metabolism and high
elimination rates and can be enhanced when contaminant elimination rates are
stow compared with the energetics of the organism.

9.7.2. A Lipid-Based Model for Biomagnification

Mechanistically, biomagnification appears to consist of a continuation of the same
process that leads to trophic transfer of contaminants. That is, as contaminated
food is digested in the gut, lipids are absorbed and the food volume decreases. The
fugacity of the contaminant in the food, thus, increases above the fugacity of the
chemical in the organism and provides the force necessary to drive the contami-
nant across the gut by diffusion. The process can be increased by digestion of
nonlipids (e.g., proteins and carbohydrates) because that process increases the
surface area from which sorbed contaminants can be released (DiPinto et al.,
1993). In addition, it is possible that the compositional changes of partially
digested lipids in the gut will lead to a reduction in fugacity capacity (and increase
in fugacity) without a reduction in food volume (LeBlanc 1995; Gobas et al.,
1993a).

Although the currently accepted models for both trophic transter and biomag-
nification in aquatic systems invoke passive diffusion as the force that transports
contaminants across the GIT into the organism, models derived from terrestrial
mammals have highlighted the possibility that contaminants can also be co-
assimilated with dietary lipids. In co-assimilation, contaminants move across the
GIT in association with lipids that are being absorbed; the lipids become the
vehicle for contaminant transport. In the second model, the contaminant does not
move by diffusion, because the chemical concentration and fugacity in the organ-
ism are similar or higher than levels in the food, but rather via an active process
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that uses lipoprotein carriers. If the passive diffusion model is true, in the strictest
sense, then the mode of transport is diffusion created by a fugacity gradient and
the site of magnification is the GIT (Gobas et al., 1993b). If, however, the second
model is true, then the mode of accumulation is lipid co-assimilation and the site
of magnification is in the organism’s (or predator’s) tissues.

Gobas et al. (1993b) evalvated these two models experimentally in goldfish
(Carassius auratus) by using chlorinated benzenes and PCBs. In this experiment,
groups of goldfish were fed identical concentrations of contaminant in food, with
tipid levels ranging from 0 to 13.5%. If the contaminants were transferred from
food to fish strictly via lipid co-assimilation, then contaminant uptake should be
very low in a diet deficient in lipid because lipids are the primary transport vehicle
for the contaminants. By contrast, contaminant uptake in high-lipid diets should
be significantly greater than from low-lipid diets if lipid co-assimilation predomi-
nates. If passive diffusion is responsible for contaminant transfer, then a dramatic
change in dietary lipid content should occasion only a small alteration in the
amount of contaminant taken up, assuming that fecal egestion rates do not change
between treatments.

The results of the experiment suggested that although diffusion resulting from
increased fugacity caused by digestion was the main force driving accumulation,
lipid ¢co-assimilation also played a role depending on the hydrophobicity of the
contaminant. For the lower log K, contaminants, there was no difference in
uptake efficiencies from low- versus high-lipid diets. That is, diffusion appeared
to be the driving force behind accumulation, and magnification was taking place
in the GIT. However, for hexa-, octa-, and decachlorobiphenyl, the uptake effi-
ciency was significantly higher from low-fat food than from high-fat food due to
greater digestibility (Gobas et al., 1993b). This indicated that the amount of
transfer was ted to dietary lipid levels as suggested by the lipid co-assimilation
model, albeit in the direction opposite that which was initially predicted. This was
attributed to the higher digestibility of the low-lipid food. Sull, the fact that
contaminant uptake was associated with dietary lipid levels was viewed as evi-
dence for the lipid co-assimilation model.

In fact, experimental results exist to support both models. For instance, a
tenfold increase in dietary triglycerides had no effect on benzolalpyrene (BaP),
3-methylcholanthrene, or aminostilbene accumuiation from food in rats (Laher et
al., 1984; Kamp and Neumann, 1975). This lends credence to the passive diffusion
model. Evidence in support of the lipid co-assimilation model has also been
adduced, particularly for extremely hydrophobic contaminants such as BaP (Vet-
ter et al., 1985; Rees et al., 1971).

Given the contradictory experimental results, Gobas et al. (1993b) proposed a
model that includes aspects of both the diffusion and lipid co-assimilation mecha-
nisms. In this view, contaminants remain associated with dictary lipids as they
move from food into contact with intestinal mucosa. This association is particu-
larly significant in the case of extremely hydrophobic contaminants for which
disassociation into the aqueous milieu of the gut is thermodynamically and ki-
netically unfavorable. Thus, attaching to lipid material during the transport avoids
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dissolution in an aqueous phase. Lipids are then digested and absorbed across the
gut. The concentration and fugacity of the contaminants remaining in the gut then
increases, providing the diffusive force needed to transfer the comtaminants, as
single molecules, into the organism. Thereafter, the contaminants may become
reassociated with the products of lipid digestion, particularly triglycerides or
lipoproteins, in which form they may circulate in the blood prior to deposition and
storage in adipose tissues. Although both diffusion and lipid co-assimilation are
components of the revised model, diffusion is identified as the rate-limiting step in
the transfer process. As a consequence, the actual magnification of the contami-
nant residue level is seen as taking place in the GIT, not in the consumer’s tissues
{Gobas et al., 1993b).

9.7.3. Current Issues in Biomagnification and Relationship
to Lipids

Despite the availability of a detailed mechanism to explain biomagnification and
an abundance of residue data demonstrating biomagnification for a limited group
of contaminants with fairly specific physicochemical requirements, the reality of
biomagnification continues to be questioned. LeBlanc (1995) has suggested that
much of what is misinterpreted as biomagnification is, in fact, simply biocon-
centration. In support of this hypothesis, LeBlanc notes, in his imited survey, that
lipid fevels tend to increase with each trophic levels on a wet weight basis, lipids
in phytoplankton average 0.5% (n = 1) in invertebrates, lipids average 1.8% (n =
8); and in fish, lipids average 5.4% (n = 10) (LeBlanc, 1995). Thus, contaminant
loads would be expected to be higher in each successive trophic level due simply
to passive uptake from water. Additionally, LeBlanc (1995) argues that the com-
position of lipid changes between trophic fevels. If these compositional changes
cause the fugacity capacity of lipids at higher trophic levels to increase, then even
an increase in lipid levels would not be required to cause an increase in biocon-
centration (or bioaccumulation). Finally, LeBlanc (1995) argues that differences
in lipid elimination mechanisms between trophic levels could account for elevated
contaminant loads in top trophic levels. That is, animal size tends to increase with
trophic fevel. In addition, elimination of contaminants from lipid storage (and
subsequent excretion from the body) requires that the contaminant be removed
from lipid storage and transferred to an excretory organ, most likely the gill
(respiratory organ) or liver (or functional equivalent). Liver cells have specific
membrane sites across which contaminants must pass, and these elimination sites
constitute a small fraction of the total organ surface area. As animal size increases,
the relative abundance of storage-to-elimination sites rises. Also, as organism size
increases, the relative size of the respiratory organ decreases. As a result, excre-
tion via passive diffusion either via a liver function or through the respiratory
system is much lower in large animals than in smaller animals at lower trophic
levels. Similar findings of limited biomagnification were presented for freshwater
benthic organisms (Bierman, 1990).
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Although the arguments against biomagnification cited above are compelling,
there are some sitnations in which accumulation of a contaminant in an organism
above residues found in its food cannot be explained n any way other than
biomagnification. For instance, Rasmussen et al. (1990) compared PCB con-
centrations in a single predatory fish species, lake trout (Salvelinus namaycush)
from more than 80 different sites throughout Ontario. Despite the fact that the lake
trout in all sites experienced similar environmental exposure levels o PCBs, the
actual concentrations of PCRs in lake trout varied from 15 to 10,000 ppb. The
between-lake variation in PCB content in lake trout was attributed to two factors:
length of the food chain and increase in lipid levels as a function of food chain
length. Each trophic link in the food chain resulted in a magmification of PCB
concentrations by a factor of approximately 3—5. Thus, when the length of the
food chain was relatively short, the lake trout were much less contaminated than
when the food chain was longer. Lipid levels also increased with food chain
length. However, lipid levels increased by a factor of 1.5 with each trophic link
and cannot, therefore, account for the magnification of PCBs at each step. In other
words, biomagnification of PCB residues from food must be occurring (Rowan
and Rasmussen, 1992} A trophic position model for lake trout has been de-
veloped for both PCB and mercury biomagnitication (Vanderzanden and Ras-
mussen, 1996). Similarly, biomagnification was found to account for high K,
PCB congeners in white bass (Morone chysops) in the Lake Erie food web based
on a fugacity analysis (Russell et al., 1995) and in fresh water, Lake Nieuwe Meer,
in The Netherlands (van der Cost et al., 1988). Further, the presumed increase in
total lipid content with each trophic step does not always occur while biomag-
nification is observed (Broman et al., 1992}, thus refuting the arguments that it is
increases in lipid content driving the presumed biomagnification put forth by
LeBlanc (1995). In situ biomagnification has been difficult to demonstrate, in part
because of the difficulty in placing organisms at appropriate levels within a food
chain. However, with the use of stable isotope analysis, the biomagnification of
polychlorinated dibenzodioxins and polychlorinated dibenzofurans was clearly
demonstrated for a Baltic Sea food chain (Broman et al., 1992).

In short, the relative contributions of contaminated food versus contaminated
media may vary between ecosystems or even between organisms within an eco-
system. However, residue data suggest that biomagnification of specific contami-
nants occurs in nature. This, combined with knowledge of a mechanism for
understanding of the process of biomagnification and data that show magnifica-
tion of residues from food when other avenues of contaminant exposure are
precluded, provides strong support for the validity of biomagnification.

B

9.8. Lipids and Transgenerational Transfer of Contaminants

Loss of stored contaminant residues in female animals through reproduction is
now understood as a key elimination mechanism, particularly in long-lived spe-
cies (Sijm et al., 1992). For instance, contaminant residues in adult birds may be
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passed to embryos via the egg (Burger and Gochfeld, 1993; Jarman et al., 1993;
Heinz et al., 1989). In some cases, the concentrations of contaminants in eggs
exceed the concentrations found in parental tissues (Heinz, 1993; Tillitt et al,,
1992). Similar results have been obtained for reptiles (e.g., snapping turtles, in
which lipid storage of contaminants in adult adipose tissue often protects the adult
turtle from overt symptoms of poisoning). However, liberal transfer of maternal
residues to eggs has been documented several times (Loganathan et al., 1995,
Bishop et al., 1994 Suuger et al., 1993). Physiological effects in contaminated
embryos of both birds and reptiles such as depressions in the titers of key hor-
mones (e.g., estradiol or enzymes) (Chen et al., 1994; Trust et al., 1994), gross
structural abnormalities (Hansen, 1994), embryo death, and complete reproduc-
tive failure (van den Berg et al., 1994; Bishop et al., 1991} have been attributed to
transgenerational transfer of contaminant loads.

Although reproductive processes are infrequently studied with contaminant
fate as a focus, it is clear from what 1s known of reproductive physiology that lipid
metabolism is likely to play a key role in transgenerational contaminant transfer.
In birds, reptiles, amphibians, and fish, developing cocyies take up large amounts
of maternally derived vitellogenin, which consists of about 20% lipid, to serve as
an energy source during subsequent development. In addition, lipids are also
taken up directly from maternal stores or synthesized de novo by the embryo from
maternal extrahepatic lipid (Mommen and Walsh, 1988). The development of the
embryo can be reasonably viewed as taking place in a lipid-rich environment. If
the maternal lipids are contaminated, then transfer of the contaminants to the
embryo could easily take place following the normal pathways of lipid deposition
in the embryo during reproduction. Further, because the lipid content of the
embryo is high, relative to maternal tissues, the increase in lipid content will
increase the fugacity capacity of the embryo, decrease its fugacity (for a given
concentration, increasing Z decreases f), and increase the tendency of the con-
taminant to move into the embryo. That is, a mechanism for explaining cbserved
“reproductive magnification” of residues in embryonic tissues exists and relates
directly to lipid content.

The above scenario is largely unstudied but presents several testable hypoth-
eses that could serve as the focus for additional research. For instance, maternal
contaminant loads (Jipid normalized) should decrease after a brood has been
produced if maternal lipid reserves are the source of embryonic contamination.
There is at least one report confirming this assertion in fish (Sijm et al., 1992), but
data in other species are needed. In addition, the hypothesis suggests that residues
in embryos should increase in proportion to the lipid content of the embryo.
Monitoring those changes throughout larval development should be informative.
In any event, the primacy of lipid levels in determining all aspects of contaminant
uptake highlights the need to examine its role in reproduction because the biolog-
ical impacts on reproduction appear to be detrimental.
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9.9, Conclusions

Lipids are the dominant force in determining organic contaminant accumulation
in aquatic organisms. Lipid normalization eliminates most variability between
species in bioconcentration studies and is, thus, useful in making predictions
about bioconcentration from physical parameters such as log K. Normalizing
contaminant loads to lipid levels 1s also helpful in cases in which the contaminant
must leave a lipid compartment and negotiate an intermediate aqueous phase
before final deposition in a second lipid compartment {(e.g., bicaccumulation and
trophic transfer). Evidence varies as to whether total lipids or the abundance of
specific lipid subclasses are the most relevant referent, but it is clear that lipid
normalization will significantly reduce variation for comparing contaminant loads
between species. This is an area that should be studied further.

Stadies of the relationships between lipids and contaminant accumulation have
led to new insights on obviously important but seldom studied phenomena. The
role of lipids, for instance, in producing membrane narcosis is pivotal, and its
study may elucidate important details of the mechanism for narcosis and how
toxins can affect lipid levels, resulting in alterations in energy (lipid) stores and
perhaps membrane function. In addition, lipid metabolism appears to account for
biomagnification in which contaminants appear to accumulate in predators
against a concentration gradient. Finally, study of lipid mobilization and deposi-
tion in reproduction may belp to define the ability of contaminants to move into
filial generations during reproduction; it may also provide insight into the sorts of
toxin-induced biological effects that can be expected in contaminated offspring.
In short, our ability to predict the movement of organic contaminants in aguatic
systems and to project the effects of that contamination depends on an understand-
ing of the importance of lipids. Because these are the key elements of risk assess-
ment, our ability to conduct accurate assessments may reasonably be seen (o
depend on our knowledge of lipids and their dynamics.
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